Introduction
Wire rods are intermediate steel product of round cross section that is produced from hot rolling of steel billets. It is primarily used for drawing and finishing by wire drawing for manufacturing variety of products. Several defects occur during hot rolling of steel billets to wire rods or bars. [1] [2] [3] [4] [5] [6] Those defects may appear on the wire rod surfaces or may be internal to it. Surface defects are undesirable as they impair the surface quality and adversely affect strength, formability and other physico-mechanical characteristics of the finished products. Even micro-size surface defects can induce the material defects during the wire drawing operation. Some of the common defects found during hot rolling of steel billets include splitting and axial tearing of front ends of billets and wire rods, fin and lap formation, entanglement of wire rod, fragmentation and peeling or chip formation of wire rod surface layer. [1] [2] [3] [4] [5] [6] Progressive buildup of fragmented chips at roll passes can lead to jamming of hot rolling rolls during wire rod rolling and may interrupt the productivity of the wire rod mills.
All the above mentioned defects have been jointly termed as cobble formation in the plant. The cobble problem was found to be quite erratic in nature, and on an average there were 3 to 4 incidences per month at different wire rod mills. Therefore, preventing such defects was of considerable interest from the view point of cost considerations in terms of lost time and loss of material (i.e. yield), which is essentially proportional to percentage of material being
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rejected. Cobble defects can be broadly originated from the following sources:
1. Faulty mill operation as well as improper roll pas design. They are essentially rolling practice related and may vary from one plant to another. 2. Defective cast billets: originate from specific steelmaking and billet casting operations. Tata Steel produces billets through three curved mold billet casters at the steel making (LD-1) shops. Cast billets of various grades are primarily rolled at its three wire rod mills. Amongst the various defects, chipping or peeling of a small portion of wire rods at several locations along the length of wire rod was one of the serious problems. Chip formation was more prevalent in low carbon steels (C ≅ 0.1%). It is important that the work piece must be free from any weakening features or defects close to the surface as well as along the central region of the cast billet section, and must possess adequate workability for the successful rolling operation. Limited ductility, variation of stresses across the width of the rolled material and uneven deformation at the edges are some of the main reasons for such defects. Hence, the greatest advantages in combating rolling defects can be achieved by improving the steelmaking and casting operations.
Experimental
In an attempt to understand and trace back the origin of the defects, several defective wire rod samples were examined first. Macrostructural characteristics of corresponding cast billet quality were also examined. Steps involved in the present work included:
1. Collection of defective wire rod samples Figure 1 shows photograph of a small portion of wire rod containing one such chips. Detached chips left behind small cavities and deteriorated the wire rod surface quality (Fig. 2) . During wire rod rolling, broken chips gradually accumulated at the different rolling strands. Extensive deposition of fragmented chips often lead to complete roll jamming when they got rolled along with the wire rods, leading to frequent interruption in rolling operation for cleaning and clearing the roll passes in order to continue with further rolling operation. One such typical jammed material collected from the mill is shown in Fig. 3 . Frequent occurrences of this type of defect seriously impacted the wire rod quality as well as productivity of the mill. Therefore more attention was paid on minimizing this type of defects in wire rods.
SEM-EDS examination revealed surfaces of those cavities were heavily oxidized and covered with a relatively thick layer of iron oxide scale (Fig. 4) . Microscopic investigation further revealed entrapped oxide scale as well as cracks and streaks emanating almost vertically to the wire rod surface. In addition, there were some dispersed oxides of various sizes entrapped around those cracks. This was further confirmed by the X-ray maps of their constituent elements (Fig. 5) . Ingress of oxygen (scale) deeper in the wire rod cross-section was attributed to be the cause of such defects. Presence of defects like gas porosity close to the billet surface can lead to the formation of such defects during reheating and soaking period. In the reheating furnace blow holes and gas porosity close to billet surface may get exposed to the atmosphere and oxidize the billet surface up to a greater depth. Therefore, presence of gas porosity close to parent billets have been primarily attributed to the prime cause of this type of defects in wire rods. This essentially prompted for a the evaluation of cast billet quality of the given grade of steel.
Evaluation of Cast Billet Quality
Twelve billet samples from 4 heats of low carbon steel and corresponding steelmaking casting data were collected from the Plant. Oxygen potential and temperature of liquid steel at the end of ladle treatment and in the tundish was measured using solid electrolyte sensor (CELOX). In tundish CELOX measurements were carried out thrice viz., in the beginning, middle and towards the end of casting of a heat, and corresponding billet samples were collected. Square billet (130 × 130 mm 2 ) samples of approximately 18 cms in length were used for the quality evaluation. Specification of all billet samples is shown in Tables 1 and  2 . Further, about 20 mm thick transverse and longitudinal slices were cut from each billet sample and subjected to fine machine grinding and macroetched using warm 50% water and HCl solutions for about 30 to 40 minutes at 60-70°C. Subsequently, macroetched sections were cleaned, dried and photographs were taken for the record. Examination of macro-etched sections involved measurements of all visible morphological features of cast structures. For better resolution of defects macrostructures were further examined under microscope at low magnification (7X) and dimension as well as number of each defect were measured.
Macrostructure of transverse and longitudinal section of one of the billet sample is shown in Fig. 6 . All billet samples invariably showed gas porosity of various sizes close to the billet surface. Enlarged view of gas pores is shown in Fig.  7 . Typical pore size distribution over about 150 mm length of billet section is shown in Fig. 8 . It is evident, majority of pores were of small sizes (up to 2 mm). Large pores (size > 3 mm) were relatively only a few in numbers. All billet samples had almost 100% columnar structures. Globular chill zone was practically absent in almost all billets due to casting at higher temperatures. Some of the gas pores formed almost close to the billet surface, and found to be mostly distributed up to a depth of approximately 10 mm from the surface, indicating their formation took place during the initial stage of liquid steel solidification (solid shell formation) in the mold itself owing to lower ferro-static pressure. Mostly elongated pores were observed close to the surface; some of them even opened up at billet surface ( Fig.  7) , providing an easier path for air ingress and reoxidation of the inner subsurface region of the billet during reheating and rolling. There were almost nonuniform distribution of pores along the billet periphery. Relatively, maximum incidence of porosity was observed particularly around the corner regions of the cast billets where the effect of the MEMS (mold electro-magnetic stirring) was relatively weak. Gas porosities are caused by the evolution and entrapment of dissolved gases during the solidification of metals and alloys. 7, 8) These gases may result from several sources: (i) decrease in their solubility on cooling and liquid steel solidi- fication, (ii) reaction of dissolved oxygen and carbon to form CO and (iii) reaction of liquid metal with moisture in lime, alloy additions, ladle and tundish refractory, etc. Primary effects of gas holes and porosity are that they reduce the tensile properties of the finished steels as they act as stress concentrators. Although pressure drop due to shrinkage may create a condition for bubble nucleation, the most important mechanism of gas pore formation is the difference in gas solubility between the solid and the liquid phases during solidification. The solubility of a gas in the solid is orders of magnitude smaller than that in the liquid phase. 7) Therefore, solidifying dendrites rejects dissolved solute elements at solid-liquid interface with progress of solidification, increasing the concentration of the gas close to the solid liquid interface during solidification. When the concentration of dissolved gases in the residual liquid reaches the gas super saturation/solubility limits, nucleation of gas bubbles occurs in the inter-dendritic spaces. Dissolved gases viz., hydrogen, oxygen and nitrogen, in liquid steel cause blowholes or gas pores in cast sections. 7, 8) During subsequent soaking, blowholes located close to surfaces may get open up and oxidize, leading to surface defects in hot rolled wire rods. Dissolved oxygen and nitrogen contents varied from 24 to 45 ppm and 40 to 52 ppm respectively. It is evident from the Fig.  9 that there was significant (up to 21 ppm) oxygen pick-up and nitrogen pick-up (7 ppm) from the ladle treatment to the tundish during transfer operation.
In a series of measurements, it has been found that hydrogen content of liquid steel varied between 4-10 ppm in the given grade of steel in the present practice of ladle treatment and casting operation. 9) Grossly, the measured average gas porosity in all billet samples found to increase with increasing oxygen content in liquid steel in the given four heats considered in the present case (Fig. 10) . Clearly, higher amount of dissolved gases (O, N and H) were attributed to be responsible for the observed gas porosity in present cast billets.
Thermodynamic Evaluationn of Gas Porosity Formation in Cast Billets
In order to quantify the relative contribution of different gases dissolved in the liquid steel on surface pore formation during casting, thermodynamic calculations were carried out. Fundamentally, blowhole formation in cast steel is a coupled phenomena of segregation and deoxidation reactions, occurring during solidification/casting of liquid steel. Solubility of solutes in the solid phase is significantly lower as compared to liquid phase. All dissolved solutes (C, Si, Mn, O, H, N, S, P etc.) get rejected by the solidifying dendrites at solid-liquid interface, leading to gradual enrichment of residual liquid phase. This is a well-known phenomenon of segregation during alloy solidification.
10) Extent of rejection of different solutes depend upon their thermodynamic and kinetic characteristics i.e. value of equilibrium partition coefficient (k i = C s,i /C L,I ), mode of solidification (plane front, cellular or dendritic), etc. In general, C, S, P, O, H, N have relatively lower k i values as compared to other solute elements of steel as shown in Table 3 . [10] [11] [12] [13] [14] Therefore, these elements have strong tendency to get segregated in the interdendritic spaces of the solidifying cast section.
Methodology of Calculation
For a sound casting, lower limit of [O] is set by the specific deoxidation reaction while its upper limit should 
7,8)
Thermodynamic condition for gas porosity formation: Pressure generated inside the gas bubbles (P b )
Where, p CO , p N2 and p H2 are the partial pressure of CO, N 2 and H 2 gases respectively. P atm is atmospheric pressure ( = 1 atm), and P ferrostatic ( = ρ liq. steel .g.h ferrostatic head ). P sup/excess is excess pressure required for the creation of bubble nuclei i.e. for overcoming the interfacial forces. Value of P sup/excess has been found to be almost insignificant for industrial casting, as there is no nucleation barrier (owing to heterogeneous nucleation of gas bubbles. 7, 8) Therefore, condition required for blowhole formation during billet casting:
........... (2) The threshold value for the blow holes formation P b > 1.1 7) has been considered in the present case. A detailed discussion on this subject is available in reference 7. For predicting the condition required to form blow holes during continuous billet casting following coupled segregation and thermodynamic model 10) have been considered:
Segregation Model
In the present work extent of segregation of each solute element with progress of dendritic solidification was estimated from the following Clyne and Kurtz segregation model. The above model has already been successfully applied by the same author 10) for predicting the precipitation of non-metallic inclusions during solidification of Mn-Si killed steels.
Thermodynamic Model
Following reactions were considered for calculating the partial pressures of CO, N 2 and H 2 gases in the gas mixtures with progress of solidification. 
. (11)
Amongst the above, reactions (6) to (8) are essentially deoxidation/inclusion formation reactions, whereas reactions (9) to (11) are responsible for blowhole formation during liquid steel solidification in the mold. Gradual enrichment of liquid steel with progress of solidification (i.e. for different solid fractions (f S )) was calculated first Table 3 . Equilibrium partition coefficients (k) of solute elements between solid and liquid steel, and their diffusion coefficients (D) in δ and γ phases of iron. [10] [11] [12] [13] [14] Solute Elements k (5)). For calculating the extent of segregation of different solute elements of steel a computer code was developed in the programming language FORTRAN77. Equilibrium partition coefficient (k) and diffusivity of required solute elements were taken from the Table 3 and from a previous work by the same author. 10) Based on the predicted liquid steel composition at each solid fraction, composition of silicate inclusions precipitating at each solid fraction were calculated using the equlilib module of the Factsage 6.3 thermodynamic software. Detailed methodology of calculation of coupled segregation and thermodynamic model of inclusion precipitation during solidification of Mn-Si killed low carbon steel (reactions (6) to (8)) is reported elsewhere. 10) Next, on the basis of the residual liquid steel composition (left after the silicate inclusion formation) partial pressure of each gases (CO, N 2 and H 2 ) were calculated using the following equilibrium correlation. Where K C-O , K N and K H are the equilibrium constant of reactions (9), (10) and (11) respectively at the liquid steel temperature T (deg K); h C , h O , h N and h H are Henrian activity 7) of dissolved element C, O, N and H in liquid steel.
Partial pressures of each gas were calculated using above equilibrium correlation 16) (12) to (17) and the potential of blowhole formation was checked using Eq. (2) at each solid fraction with the progress of inter dendritic solidification of liquid steel containing higher oxygen contents. In all billet samples the measured value of [O] was equal to or above 30 ppm (Table 2) , and all of them invariably showed quite high number of gas porosity in cast billet samples.
Influence of Dissolved Oxygen [O]
Figure 11 presents computed variation of partial pressures of CO, N 2 and H 2 , and overall gas pressure with progress of solidification for oxygen levels varying from 25 to 50 ppm in the given low carbon steel. Based on the plant measurements, dissolved nitrogen and hydrogen contents of steel were kept constant at 50 ppm and 5 ppm respectively in calculations. It is evident, the total gas pressure exceeded the threshold pressure ( = 1.05 atm), 7, 8) significantly for higher [O] contents of liquid steel, essentially indicating very strong tendency towards formation of gas porosity during billet casting of liquid steels Therefore, present experimental observations were found to be reasonably consistent with the thermodynamic predictions. It can also be seen that steels containing above 30 ppm oxygen are quite prone to gas porosity formation. This essentially indicated that oxygen level to be aimed during ladle treatment and subsequently must be kept well below 30 ppm. This called for effective liquid steel reoxidation control at all stages liquid steel processing and during casting. Towards this, effectiveness of ladle-to-tundish shroud plays very important role, as maximum air ingress takes place in the shroud itself unless it is properly sealed and a positive argon pressure must be maintained inside it throughout the casting duration.
Influence of [H]
Effect of dissolved hydrogen on blowhole formation is shown in Fig. 12 . It is evident, in comparison to other dissolved oxygen, hydrogen content of liquid steel plays a significant role on gas porosity formation. Even a few ppm pick up of hydrogen may spoil the steel, 17) no matter how 16 ) Therefore, prolonged preheating of ladle and tundish is required to keep the hydrogen within the safe limit. Figure 13 presents influence of dissolved nitrogen content of steel on total gas pressure inside a gas bubble with progress of solidification. It is evident, even 10 ppm rise in nitrogen content has only a marginal influence as compared to [O] and [H] contents of liquid steel. Based on above work, measures were taken in the plant for preventing the gas porosity in the cast billets. Deoxidation practice was modified in order to keep the final dissolved oxygen around 25 ppm. For this a small addition of aluminium prior to the usual Mn-Si doexidation was made during the ladle treatment. Further, measures were taken to minimize liquid steel reoxidation and hydrogen pickup during ladle treatment and subsequent to it. Addition of finer fraction of lime was avoided in LF treatment. Ladle-to-tundish shroud was effectively sealed by argon for the entire duration of billet casting. Liquid steel stirring in the mould by EMS was improved by optimizing its setting. These measures contributed in eliminating the gas porosity in cast billets and helped in achieving smooth production of wire rods of better quality.
Influence of [N]

Conclusions
In the present work, an attempt has been made to minimize the surface defects in hot rolled wire rods of low carbon steel. Towards this, several defective wire rod samples were collected and subjected to microscopic examination. Localized chipping/peeling of wire rods during hot rolling of billets was one of the serious problems. The problem was linked to the presence gas porosity close to the cast billet surfaces, which got reoxidized during reheating and soaking stage prior to rolling. Higher contents of dissolved gases ([O] , [N] and [H]) in liquid steel were found to be largely responsible for gas pores or blowholes in billet samples. A coupled micrsegregation-thermodynamic model was developed for predicting the relative potential of each gases towards pore formation in cast billets. It was found that liquid steel containing dissolved oxygen above 25 ppm has strong tendency towards pore formation. Dissolved hydrogen content of liquid steel was found to have stronger effect on porosity formation. Even a few (3-4) ppm increases in hydrogen content of liquid steel found to be sufficient enough to cause gas porosity (pin holes) in cast billets. Compared to these, nitrogen content of liquid steel had only a marginal influence on the gas pore formation within its composition range considered in the present case. Based on the findings of the present work several measures were taken to improve the liquid steel deoxidation practice and prevent reoxidation prevention from ladle treatment to billet caster. Addition of fine fraction of lime was avoided and tundish was preheated sufficiently prior to casting in order to control the hydrogen content of liquid steel.
